It is recognized now that intrinsically disordered proteins (IDPs), which do not have unique 3D structures as a whole or in noticeable parts, constitute a significant fraction of any given proteome. IDPs are characterized by an astonishing structural and functional diversity that defines their ability to be universal regulators of various cellular pathways. Programmed cell death (PCD) is one of the most intricate cellular processes where the cell uses specialized cellular machinery and intracellular programs to kill itself. This cell-suicide mechanism enables metazoans to control cell numbers and to eliminate cells that threaten the animal's survival. PCD includes several specific modules, such as apoptosis, autophagy, and programmed necrosis (necroptosis). These modules are not only tightly regulated but also intimately interconnected and are jointly controlled via a complex set of protein-protein interactions. To understand the role of the intrinsic disorder in controlling and regulating the PCD, several large sets of PCD-related proteins across 28 species were analyzed using a wide array of modern bioinformatics tools. This study indicates that the intrinsic disorder phenomenon has to be taken into consideration to generate a complete picture of the interconnected processes, pathways, and modules that determine the essence of the PCD. We demonstrate that proteins involved in regulation and execution of PCD possess substantial amount of intrinsic disorder. We annotate functional roles of disorder across and within apoptosis, autophagy, and necroptosis processes. Disordered regions are shown to be implemented in a number of crucial functions, such as protein-protein interactions, interactions with other partners including nucleic acids and other ligands, are enriched in post-translational modification sites, and are characterized by specific evolutionary patterns. We mapped the disorder into an integrated network of PCD pathways and into the interactomes of selected proteins that are involved in the p53-mediated apoptotic signaling pathway.
and signals can lead to apoptosis, the major mechanism that actually causes the cell to die is associated with the organized degradation of cellular organelles by activated members of the caspase family of cysteine proteases. 11 A wide range of cell signals of either extracellular or intracellular origin can positively (i.e., trigger) or negatively (i.e., repress, inhibit, or dampen) affect apoptosis, leading to its initiation or repression, respectively. Each of the two major apoptotic pathways (extrinsic and intrinsic) can be regulated at multiple levels.
Autophagy mediates the turnover of long-lived proteins, the elimination of damaged organelles and misfolded proteins, and the recycling of cellular building blocks following nutrient deprivation. Under certain circumstances it can be causative for the programmed cellular suicide. 1, 12 Furthermore, autophagy is required during periods of starvation or stress due to growth factor deprivation and therefore it has a crucial prosurvival role in cell homeostasis. 12, 13 This defines the Janus role of autophagy and its ability to control a wide range of physiological processes, such as starvation, cell differentiation, cell survival, and death. 14 Finally, necroptosis is characterized by the relatively smallest number of regulators. Typically, necroptosis is modulated by c-Jun N-terminal kinase (JNK), apoptosis inducing factor (AIF), death-associated protein kinase (DAPK), and reactive oxygen species, [15] [16] [17] [18] whereas in the apoptosis-incompetent cells, necroptosis is activated by death receptors and involves the RIP1 kinase. 19 Among the various roles of PCD in maintaining the homeostasis of living organisms is its involvement in the advancement of immune responses. [20] [21] [22] In fact, the development of adaptive and innate immune responses depends on strict regulation of PCD signaling pathways, which are crucial for shaping and maintaining the immune system and ensuring functional immune responses. [20] [21] [22] For example, PCD is involved in clonal deletion of lymphocytes during an infection, whereas the misregulation of PCD is known to lead to the defective clearance of autoreactive T cells and autoimmune disease. 23 Figure 1 represents some major events taking place within a cell undergoing apoptosis, or autophagy, or necroptosis and clearly shows that these three types of PCD are heavily interlinked. 1 In fact, three PCD modules are integrated into a common PCD network, where pathways of these functional modules are interconnected and where many death regulatory proteins are common to more than one module. 1 This tight control of the various PCD processes and strong connectivity of the involved proteins suggest that PCD-related proteins should possess specific (and potentially common) structural characteristics. These characteristics would allow them to be uniquely and effectively modulated via multiple specific interactions with various partners and to control the regulation and execution of different PCD modules. In a search for these specific structural characteristics, we analyzed the peculiarities of intrinsic disorder distribution in proteins involved in various pathways related to the PCD. Figure 1 Schematic representation of three PCD modules. Diagram shows a map of the regulators and molecular components of the apoptosis, autophagy, and necroptosis death pathways, constituting the three known modules of the PCD network. The proteins are color coded according to their intrinsic disorder content evaluated by PONDR-FIT, with highly ordered ((IDP score)o10%), moderately disordered (30%4(IDP score)410%), and highly disordered proteins ((IDP score)430%) being shown as blue, pink, and red bars, respectively. This diagram is based on the PCD maps published in 1, 56, 57 Protein intrinsic disorder in programmed cell death Z Peng et al
It is recognized now that the well-being of any living cell relies on the functionality of intrinsically disordered proteins (IDPs) and IDP regions (IDPRs). IDPs/IDPRs do not have a unique 3D structure as a whole or in part and exist as dynamic ensembles characterized by different degree and depth of disorder. 24 IDPs are abundant in all proteomes [25] [26] and possess a wide spectrum of biological functions that are typically related to regulation, signaling, and control pathways, promote the assembly of supra-molecular complexes, and complement the functions of ordered proteins. 24 IDPs/IDPRs possess complex 'anatomy' (they contain multiple, relatively short functional elements), which contributes to their unique 'physiology' (an ability to be involved in interaction with, regulation of and control by multiple structurally unrelated partners). Functions of IDPs are further controlled by alternative splicing, which generates a set of protein isoforms with a highly diverse set of regulatory elements. 27 The complexity of the disorderbased interactomes is further increased due to the ability of a single IDPR to bind to multiple partners gaining potentially very different structures in the bound state. 28 Because of their critically important roles in regulation, signaling, and control pathways, misbehavior of IDPs is commonly associated with the pathogenesis of various diseases. 29 Since IDPs are 'control freaks', they commonly act as important regulators of protein-protein interaction networks. In fact, intrinsic disorder is intimately associated with 'hubness' of proteins; that is, their ability to be involved in multiple interactions with unrelated partners via one-to-many and many-to-one binding mechanisms. 30 This general commonness of intrinsic disorder in proteins involved in control and regulation suggests that the PCD could belong to the crucial biological processes that are controlled and regulated by IDPs/IDPRs. To test this hypothesis, we applied a broad spectrum of modern computational techniques to analyze abundance and functional roles of intrinsic disorder in proteins related to the different types of PCD, with the major focus on proteins involved in apoptosis, autophagy, and necroptosis.
Results
Characterization of the intrinsic disorder in human proteins associated with the PCD Analysis of the compositional biases in human PCD-related proteins: At the amino-acid composition level, IDPs/IDPRs are significantly depleted in order-promoting amino acids, C, W, I, Y, F, L, H, V, and N, and substantially enriched in disorder-promoting residues, A, G, R, T, S, K, Q, E, and P. 31 Figure 2a shows that the PCD-related human proteins are depleted in some major order-promoting residues and enriched in some major disorder-promoting residues, suggesting that these proteins might contain multiple signatures characteristic for the IDPs.
Abundance of long disordered regions in human PCD-related proteins: Previous study revealed that 66% of signaling proteins contain predicted regions of disorder of 30 residues or longer. 32 Figure 2b illustrates that intrinsic disorder is prevalent in the PCD-related proteins too, being comparable to the prevalence observed for signaling and eukaryotic proteins. In fact, the fraction of human PCD-related proteins with long regions of predicted disorder is 3-to 6-fold higher than that of non-homologous ordered proteins from PDB, 32 being also a bit higher than the corresponding fraction of eukaryotic proteins. Figure 2c further illustrates the peculiarities of the disorder content distribution in the three PCDrelated data sets and shows that although B50% of human PCD proteins contain disordered regions shorter than 30 consecutive residues, sizable fractions of these data sets (in a range of 15-20%) correspond to proteins with very long disordered regions (longer than 100 consecutive residues).
Disorder propensity of human PCD-related proteins by the binary disorder predictors: Sequences of the 1138, 137, and 35 human proteins associated with apoptosis, autophagy, and necroptosis, respectively, were used to predict whether they are likely to be mostly disordered using two binary predictors of intrinsic disorder: charge-hydropathy plot (CH plot) 33, 34 and cumulative distribution function (CDF) analysis, both of which perform binary classification of whole proteins as either mostly disordered or mostly ordered. 33 Figure 2d represents the results of the combined CH-CDF analysis of the human PCD-related proteins. Here, the coordinates of each spot are calculated as a distance of the corresponding protein in the CH plot from the boundary (Y coordinate) and an average distance of the respective CDF curve from the boundary (X coordinate). 35 Figure 2d shows that B50, B33, and B45% of proteins associated with apoptosis, autophagy, and necroptosis, respectively, are expected to behave as native coils or native pre-molten globules or native molten globules or mixed proteins in their unbound states (see Supplementary Materials for further clarifications).
Overall, this analysis revealed that human PCD proteins possess relatively large amount of disorder, with apoptosisand necroptosis-related proteins being noticeably more disordered (on average) than proteins involved in autophagy.
Overall characteristics of the intrinsic disorder in Deathbase proteins. At the next stage, we performed a comprehensive analysis of the manually curated and wellannotated PCD-related proteins from the Deathbase. The average disorder content (i.e., fraction of disordered residues in a protein chain) in these proteins ranged between 0.17 and 0.38 across the considered 28 species; see Figure 3a . The average content in these proteins across the 28 species was 0.27, which was substantially larger than the overall disorder content in eukaryotic species that was estimated to be 0.19. 25 Side-by-side comparison of disorder content for individual species between the entire proteome and the cell death proteins showed consistent enrichment of the disorder in the latter protein sets. Specifically, in human, the overall disorder content was reported at 0.22 25 while in human cell death proteins the content was 0.32, in worm they were 0.16 versus 0.27, and in fly 0.22 versus 0.35.
The distribution of the disorder content is shown in Figure 3b . We observed that close to half cell death proteins contained up to 20% disordered residues. On the other hand, 17% of these proteins had at least half of their amino acids disordered and about 1% (39 proteins) was fully disordered.
Next, we investigated the enrichment of disorder across various cell death processes. Figure 3c reveals that proteins involved in necroptosis and apoptosis have larger amounts of disorder at about 0.41 and 0.35, respectively, compared with proteins involved in immune responses, for which the average disorder content equals to 0.2. Figure 3d compares the average number of disordered segments per proteins and demonstrates that the apoptosisrelated proteins have fewer numbers of (longer) disordered segments, about 2.8 per chain, compared with proteins implicated in necroptosis and immune responses that have on average about 5 and 3.8 disordered segments per chain, respectively. Overall, there were about 3.3 disordered segments per chain when considering all cell death proteins. Our analysis indicated that disorder is important across all cell death processes.
Functional analysis of disordered segments. Distribution of the sizes of the disordered segments in cell death proteins across the considered 28 species is given in Figure 4a . Interestingly, we observed that the segment sizes followed a bimodal distribution with a relatively large number of short disordered segments, between 4 and 25 consecutive amino acids, and with a second peak for longer sizes, at over 30 amino acids. Thus, we analyzed the functional repertoire of the disordered segments separately for short (o30 consecutive amino acids) and long (at least 30 consecutive amino acids) segments.
To this end, we considered 26 functions associated with disorder, which were annotated based on the data in the DisProt database, 36 that are summarized in Supplementary  Table S2 . We excluded functions with o20 annotations for both short and long disordered segments, as they do not offer enough data to draw statistically sound conclusions. Figure 4b compares the annotations of the 19 remaining functions for the short and long disordered segments and reveals that disorder has a diverse set of roles in cell death proteins, from facilitating interactions with other proteins, DNA, RNA, and other ligands, to involvement in post-translational modification (PTM) sites, intraprotein interactions, and implementation of linker regions. Both long and short disorder segments were implicated with a similar frequency in several functions Figure 2 Peculiarities of intrinsic disorder distribution in human PCD proteins. (a) Fractional difference in the amino-acid composition between the different PCD-related proteins (apoptosis, red bars; autophagy, green bars; and necroptosis, yellow bars) and a set of ordered/structured proteins calculated for each amino-acid residue (compositional profiles). The fractional difference was evaluated as (C x À C order )/C order , where C x is the content of a given amino acid in a query set, and C order is the corresponding content in the data set of fully ordered proteins. Composition profile of typical IDPs from the DisProt database is shown for comparison (black bars). Positive bars correspond to residues found more abundantly in PCD-related proteins, whereas negative bars show residues, in which PCD-related proteins are depleted. Amino-acid types are ranked according to their increasing disorder-promoting potential. 31 (b) Abundance of predicted long disordered regions in human PCD proteins (apoptosis, red bars; autophagy, green bars; and necroptosis, yellow bars) in comparison with long disordered regions in 2329 proteins involved in cellular signaling (AfCS, black bars), 53 630 eukaryotic proteins from SWISS-PROT (EU_SW, blue bars), and 1138 sequences corresponding to ordered parts of proteins from PDB Select 25 (O_PDB_S25, pink bars). (c) Distribution of the length of the disordered segments in human PCD-related proteins (apoptosis, red bars; autophagy, green bars; and necroptosis, yellow bars). (d) CH-CDF analysis of the human PCD proteins (apoptosis, red circles; autophagy, green circles; and necroptosis, yellow circles). Here, the coordinates of each point were calculated as a distance of the corresponding protein in the CH plot from the boundary (Y-coordinate) and an average distance of the respective CDF curve from the CDF boundary (X-coordinate). The four quadrants correspond to the following predictions: Q1, proteins predicted to be disordered by CH plots, but ordered by CDFs; Q2, ordered proteins; Q3, proteins predicted to be disordered by CDFs, but compact by CH plots (i.e., putative molten globules or mixed proteins); Q4, proteins predicted to be disordered by both methods (i.e., proteins with extended disorder). The values shown next to the quadrant name denote the corresponding color coded fractions of chains from each of the three types of PCD-related proteins including interactions with DNA and ligands and regulation of proteolysis. The short disordered segments were more prevalent in a larger number of functions compared with the long segments, including protein-RNA and cofactor/heme binding, nuclear localization, protein inhibition, polymerization, trans-activation, regulation of apoptosis, and in autoregulatory functions. They were also implicated in entropic bristle activities and were twice more often associated with the PTM sites. On the other hand, long disordered segments more often served as linkers, were involved in electron transfer, and had a strong role in protein-protein, proteinlipid, and intraprotein interaction.
Furthermore, we investigated the functional roles of disordered segments for the proteins associated with specific cell death processes. Since there were substantially fewer (only 128) disordered segments with annotated function for the five curated species that included cell death process annotations (compared with results in Figure 4b) , we excluded the functions with o5 annotations; the remaining 14 functions are summarized in Figure 4c . Disordered segments found in all cell death processes were shown to be responsible for five functions: protein-protein and protein-ligand binding, electron transfer, linker regions, and were also prevalent in PTM sites. The remaining functions were specific to selected subsets of cell death processes. Disorder implemented all considered 14 functions in proteins involved in apoptosis. In contrast, the disordered regions in necroptosis-related proteins were responsible for fewer functions, such as protein- This means that protein-protein interactions dominate the function of the disorder in these proteins. Furthermore, Figure 5a suggests that MoRFs primarily fold into helical or irregular conformations upon binding; this is consistent across all considered species. Figure 5b shows that the proteins that control apoptotic pathways have the smallest number of MoRFs, at about 2.2 per chain. On the other hand, proteins involved in the necroptosis-driven cell death have the largest number MoRFs per sequence, which equals 3.5. These counts correlate with the overall number of the disordered segments, see Figure 3d , resulting in a similar ratio between the numbers of disordered and MoRF segments.
Evolutionary conservation of disorder. Finally, we investigated evolutionary conservation of the disorder in cell death proteins across various species, Figure 6a , and across various processes, Figure 6b . The conservation was quantified with the relative entropy computed from the WOP profiles generated by PSI-BLAST. Higher values of the relative entropy indicate a higher degree of evolutionary conservation. Figure 6a shows that for significant majority of species, except for worm and human, disordered residues were characterized by a consistently lower level of conservation compared with the structured amino acids. This suggested that disordered regions are under higher evolutionary pressure compared with structured regions. Figure 6b demonstrates that the above trend holds for all cell death processes, except for the apoptosis where disordered amino acids have higher conservation. Immune response-related proteins were characterized by the highest difference in conservation where the disordered residues had conservation lower by about 40% compared with the ordered residues. As immune-related processes require dynamic adjustments in response to relatively rapid evolution of pathogens, we speculate that these dynamics are facilitated through the use of disorder. that many proteins involved in these three modules contain significant amount of intrinsic disorder. Here, the proteins are color coded according to their intrinsic disorder content evaluated by PONDR-FIT, where two arbitrary cutoffs for the levels of intrinsic disorder were used to classify proteins as highly ordered ((IDP score)o10%, blue bars), moderately disordered (30%4(IDP score)410%, pink bars), and highly disordered ((IDP score)430%, red bars). 38 According to this classification, only 11 human proteins related to the controlled cell death pathways are characterized by low disorder scores, whereas the absolute majority of the PCD-related proteins is moderately or highly disordered. As it follows from the functional analysis of the proteins from Deathbase, the most prevalent function of IDPRs in the PCD-related proteins is protein-protein interaction. In agreement with this general observation, Figure 1 shows that the highly connected PCDrelated proteins are typically more disordered than proteins with lesser number of interaction partners.
Discussion
It is important to emphasize here that intrinsic disorder is very common in human PCD-related proteins despite the fact that many of these proteins (some of which are shown in Figure 1 ) are enzymes (kinases, ribonucleases, deoxyribonuclease, proteases, protein and ubiquitin ligases, polymerases, oxidoreductase, GTPases and so on).
To delve deeper into the roles of intrinsic disorder in functions of PCD-related protein, we consider in more detail a part of the PCD protein-protein interaction network, namely the p53-mediated intrinsic apoptotic signaling pathway shown at the bottom left corner of Figure 1 . Detailed discussion of the major regulators of the p53-mediated intrinsic apoptotic signaling pathway and roles of intrinsic disorder in their functions can be found elsewhere (manuscript in preparation). Figure 7 represents the PONDR-FIT disorder profiles of three human proteins known to be involved in p53-mediated apoptotic signaling pathway, and also shows the results of the functional analysis of these proteins using the STRING database. 39 This database acts as a 'one-stop shop' for all information on functional links between proteins, and version 9.0 of STRING (accessible at http://string-db.org) covers 41100 completely sequenced organisms, including Homo Figure S1 . Figure 7 and Supplementary Figure S1 show that all the members of the p53-controlled apoptosis signaling pathway are involved in multiple interactions and therefore can be considered as hub proteins. Since many of these 23 proteins contain significant amount of predicted disorder and since almost all of them interacts with other apoptosis-related proteins, which are often predicted to be disordered, Figure 7 and Supplementary Figure S1 suggest that the hubness of the major players of the p53-modulated apoptosis is related to their intrinsically disordered nature and/or to the intrinsic disorder of their partners. Furthermore, many of the proteins involved in the p53 signaling (as well as other proteins related to all the PCD modules) are regulated via various PTMs and many of them have several alternatively spliced isoforms. Both of these features are typical for IDPs/IDPRs. 24, 27 These observations provide further support to the general conclusion of this study that intrinsic disorder is crucial for the regulation and control of all the PCD types. Here, proteins regulating necroptosis seem to be more disordered than protein involved in other types of the controlled cell death.
Finally, it is important to emphasize here that there are many examples in the literature where PCD-related proteins were experimentally found to be disordered or possess long IDPRs. Since the literature on this topic is vast, only several most characteristic cases of the experimentally validated disorder in PCD-regulating proteins are briefly discussed below. A well-documented example is the transcription factor ; (e and f) PUMA (UniProt ID: Q96PG8). Intrinsic disorder propensity was evaluated by PONDR FIT (red curves). Shadow around PONDR FIT curves represents distribution of statistical errors. STRING database is the online database resource Search Tool for the Retrieval of Interacting Genes, which provides both experimental and predicted interaction information. 39 For each protein, STRING produces the network of predicted associations for a particular group of proteins. The network nodes are proteins. The edges represent the functional associations evaluated based on the experiments, search of databases and text mining. The thickness of edges is proportional to the confidence level 39 Protein intrinsic disorder in programmed cell death Z Peng et al p53, which possesses functionally important IDPRs. 40, 41 Here, B70% of the interactions of p53 are mediated by IDPRs containing 86, 90, and 100% of observed acetylation, phosphorylation, and protein conjugation sites of this protein, respectfully. 42 Early on, X-ray and NMR structural analysis revealed that an important inhibitor of PCD, BCL-x L , contains a 60-residue IDPR connecting helices al and a2. 43 Other members of the BCL-2 family, BH3-only proteins (such as BIM, BAD, and BMF) that serve as key initiators of PCD are largely disordered in solution. 44 Interaction of the disordered BIM, BAD, BMF, BAK, and tBID with several pro-survival BCL-2 family members leads to the formation of an a-helical segment that anchors these BH3-only proteins to the hydrophobic groove of their binding partners. [45] [46] In addition to BH3-only proteins shown in Figure 1 , pro-survival BCL-2 family members include MCL-1, BFl-1, and BCB-B, all of which are expected to contain long functional IDPRs. 45 Overall, structural and sequence analyses revealed that many pro-apoptotic and pro-survival proteins of the BCL-2 family (which, in their turn, are tightly regulated by various PTMs among other means) are either IDPs or contain functionally important IDPRs. 46 Furthermore, conformational plasticity and ability to fold upon binding were shown to have a crucial role in multifarious interactions of the BCL-2 family members with their numerous partners. 47 NMR spectroscopy in conjunction with circular dichroism spectroscopy and limited proteolysis revealed that a large central region (B1500 residue) of the BRCA1 tumor suppressor protein is a long IDPR that lacks any pre-existing independently folded globular domains and serves as 'an intrinsically disordered scaffold for multiple protein-protein and protein-DNA interactions'. 48 NMR analysis revealed that an important regulator of proliferation and apoptosis, cAMPresponsive (CRE)-binding (CREB) protein (CBP), contains an intrinsically disordered ACTR-binding domain (residues 2059-2117) that completely folds upon binding. 49 Combined experimental and computational analysis revealed that N-and C-terminal regions of the human Nogo proteins 50 and C-terminal domain of a mitochondrial pro-apoptotic protein ARTS 51 are typical IDPRs, and that the prostate apoptosis response factor-4 (PAR-4), 52 prostate-associated gene 4 (PAGE4) protein, 53 and important oncoprotein c-Myc 54 are mostly disordered apoptosis-related proteins.
Materials and methods Data sets. In this work, several data sets of proteins related to the PCD were analyzed. These include 1138, 137, and 35 human proteins associated with apoptosis, autophagy, and necroptosis, as well as 3458 proteins from Deathbase. 55 Peculiarities of data set assembly are described in Supplementary Materials.
Computational characterization of disorder. Computational tools and approaches used for the characterization of the amino-acid compositions, peculiarities of intrinsic disorder distribution, functions, PTMs, and evolutionary patterns of PCD-related proteins are described in Supplementary Materials.
